The adsorption of benzene molecules onto the Cu(110) surface has been studied using a crystalline linear combination of atomic orbitals approximation (LCAO).
generated for the preferred adsorption geometry. The calculated binding energies are strongly dependent upon basis set superposition errors (BSSE). As expected HF provides a relatively poor description of this loosely bound system, and is found to be unbound when BSSE is taken into account. Inclusion of electron correlation through DFT methods gives an optimized binding energy of 106 kJ mol -1 with the benzene molecule occupying a bridging site between the rows of surface copper atoms and an adsorption height of approximately 2 Å. This figure takes account of relaxation of benzene upon absorption with the hydrogen atoms tilting away from the surface. Our predicted energetics compare favourably with previous theoretical studies using cluster methods and experimental binding energies determined from temperature programmed desorption (TPD). We have also simulated scanning tunneling microscope (STM) images using the Tersoff and Hamann method and compare our results with recent experimental measurements. Our simulation suggests the experimental image results from a benzene dimer rather than an isolated molecule.
INTRODUCTION
Experimental STM images provide a powerful method for studying the adsorption and energetics of molecules on surfaces. The technique maps the joint densities of states between the STM tip and surface being studied. Interpretation of these images is, however, often far from trivial particularly in the case of adsorption of complex molecules. Theoretical simulation of STM images can aid the interpretation of these images 1 as well as providing an efficient method for identifying the appropriate regimes for undertaking the more time-consuming experiments. In particular, the prediction of variations in STM images of adsorbed molecules due to the presence of various functional groups in a molecular framework may prove to be essential for the successful identification of imaged molecules, including biological macromolecules.
Previously, attempts have been made to model surface-adsorbate systems using cluster models, in which the bulk substrate is approximated through the use of a relatively small number of atoms arranged to simulate a small section of the surface.
Hidaka and co-workers have modelled benzene adsorbed on a small 4-atom silver cluster in order to ascertain the effect of the surface-sample interaction on STM images. 2 In this study, the STM tip was simulated through the use of 2 palladium atoms positioned above the surface. Orlandi et al. used 6-atom and 11-atom clusters to model STM images of benzene and naphthalene rhodium and platinum surfaces respectively. 3 A single tungsten and palladium atom was used to model the tip in each of these calculations. Edelwirth and co-workers incorporated a much larger carbon cluster of 30 atoms in a square lattice 3 layers thick in order to model STM images of self-assembled adenine monolayers on graphite. 4 All of these calculations seek to accurately model interaction between sample and tip, at the expense of 3 reducing the semi-infinite surface to a small cluster. These calculations scale rapidly with the number of atoms in the surface cluster. 10 Several authors report that other factors are of greater importance in the accuracy of slab-adsorbate calculations, including basis-set selection 11 and prevention of through-slab adsorbate-adsorbate interactions. 12 
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The aim of the present work is to assess the applicability of using the commercially available quantum chemical code CRYSTAL98 13 with modest computing resources to simulate STM images of absorbed molecules. Our objective is to use these simulations to guide interpretation of experimental STM images and explore the use of STM as a method for differentiating functional groups on surfaces.
We study the adsorption of benzene on the Cu (110) surface. and an adsorption height of 3.41Å was calculated using a cluster of 28 Cu atoms. This adsorption energy is significantly less than that proposed by Pettersson and coworkers, suggesting that the H-flip form is energetically favourable. However, in both this calculation and that of Pettersson and co-workers the use of 28 and 13 atom clusters to represent the surface may be the limiting factor. Relatively small clusters may be insufficient to describe the delocalised nature of conduction band electrons in the metal. 26 It follows that such a cluster is not of sufficient size to accurately model the electron donation and back-donation bonding scheme suggested by the DCD model. 16, 25 In the present paper we describe ab initio calculations of benzene adsorbed on a Cu(110) surface, resulting in the description of adsorption energetics, elucidation of the adsorption site and development of theoretical STM images.
CALCULATION METHOD
Calculations were carried out using the CRYSTAL98 suite of programs. 13 The package approximates true wavefunctions through an expansion of crystalline orbitals as a linear combination of atomic orbitals. Both Hartree-Fock (HF) and density functional (DFT) hamiltonians were employed. Dirac-Slater exchange 27 and Wilk-Nusair 28 correlation were employed in the DFT calculations. The default conversion tolerances for the program were used throughout. Numerical integration was performed using 25 symmetry irreducible k points. For the denser k point net used in evaluating the density matrix 81 symmetry irreducible k points were used.
This k-space sampling is sufficient to ensure convergence of the calculated properties.
The calculations were performed on the Linux Beowulf cluster maintained by the South Australian Partnership for Advanced Computing. All the calculations reported here were performed using a serial compilation of the CRYSTAL98 code. 13 Hence these calculations are well within the realm of desktop computing. were found not to significantly affect the predicted surface geometry of rutile.
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In order to confirm these results, the lattice parameters for bulk crystalline copper were optimised with respect to energy under DFT conditions using both HAYWSC and all-electron basis sets. The lattice parameter was also optimised under HF conditions using the all-electron basis set. The results are shown in Table 1 To simulate the Cu(110) surface the appropriate slab was cut from bulk Cu.
Slabs of 2, 3 and 4 atomic layers were used in order to investigate thickness effects;
this is discussed in more detail below.
Previous studies suggest that benzene adsorbs parallel to the Cu(110) surface.
In addition, we may assume that adsorption of benzene occurs at sites of maximum The benzene molecule was described using 6-21G* all-electron basis sets. At both the HF and DFT level this basis set predicts bond lengths to better than 2%.
Prior to all adsorption calculations, the bond lengths of gas-phase benzene were optimised with respect to the total energy. A supercell of the Cu (110) Absorption chemistry was investigated by generating electron density difference plots for the optimised geometries by subtracting electron density maps of isolated benzene and copper from an electron density plot of the combine surfaceadsorbate system. Simulated STM images of preferred orientations were calculated 10 using CRYSTAL98 13 through the method described by Tersoff and Hamann, 33 and comparisons made with published experimental results.
RESULTS AND DISCUSSION
A. Cu(110) Surface
As a first test of the effects of slab thickness optimised lattice parameters for Cu (110) slabs of various thicknesses are shown in table 2. In these calculations the slab is built from a single unit cell and hence one parameter, the lattice constant of the FCC cell from which the slab is built, is optimised. Although in some senses this is unrealistic given that this is not a bulk crystal, one might nevertheless expect the optimised lattice constant to approach the bulk value as the slab becomes thicker. Finally we have investigated the effects of relaxation of the molecule upon adsorption as suggested by Pettersson et al. 24 Here the H atoms are pushed away from the Cu surface and there is slight distortion of the C-C bond lengths; the socalled H-flip geometry. Using the optimised benzene geometry from Pettersson et al. 24 we obtain, for the 1b site and a 4 layer slab, an adsorption height of 2.053 Å and energy of -100.7 kJ mol -1 . Comparing this with the value in table 3 in which the benzene has not been relaxed upon adsorption, we see that height decreases slightly, while adsorption energy more than doubles. This is expected, as the tilting of the 13 hydrogen atoms away from the surface allows the carbon atoms to get closer to surface copper atoms and form a stronger bond. 24 is 58 kJ mol -1 . The largest adsorption energy was calculated for orientation 4a, in which the benzene ring adopts a bridging position between surface layer rows centred on the surface layer atoms. Experimental STM studies by Doering and co-workers 21 have also proposed that this is the adsorption orientation, although as we have discussed earlier imaging of benzene on Cu is not trivial. In addition the accuracy of our calculation may not be sufficient to distinguish this site from the other three favoured sites, namely 1a, 1b and 4b. Certainly these results indicate that 14 adsorption of benzene between the rows of copper surface atoms is preferred over adsorption on top of the surface rows.
C. Adsorption Chemistry
In order to investigate the bond formed between benzene and the Cu (110) surface, electron density difference maps have been calculated for the preferred adsorption geometry. The maps were prepared using the 4 layer Cu(110) slab calculated at the DFT level of theory. Looking at figure 3(a) we see that electron density increases between the benzene ring and copper surface around the 4 carbon atoms in close proximity to the surface copper atoms. The other two carbon atoms which lie between the surface Cu rows show a small decrease in electron density.
Charge redistribution due to bonding between the benzene ring and surface is also evident in figure 3(b) . Here the density difference is plotted in a plane perpendicular to the surface through the two carbon atoms closest to the surface Cu rows. Electron density about the positions of the 2 carbon atoms appears to have been pulled into the region between these atoms and the copper surface, while smaller yet similar variations may be observed at the positions of the surface layer copper atoms.
For a perpendicular plane through the other two carbon atoms ( figure 3(c) ), those sitting between the copper surface rows, the redistribution of density is smaller and occurs between the carbon atoms themselves rather than toward the copper substrate. Change of electron density in the sub-surface layer of Cu atoms is also evident in these plots. Two layers of atoms from the substrate participate in the bonding process when benzene adsorbs. This is perhaps not surprising given the delocalised nature of the electrons in the metallic copper substrate, and demonstrates why (at least) 4 layer slabs are necessary to describe the adsorption process. 15 These density difference diagrams suggest that adsorption occurs primarily through those carbon atoms which are in close proximity to surface layer copper atoms. Bonding in this system is conventionally described in terms of the DCD model of adsorption proposed by Dewar, 34 with orbitals on the adsorbate. This is one of the reasons why the DFT method gives a better description of the adsorption energetics compared with HF: it is well known that HF predicts 3d bands in copper which lie too far below the fermi level.
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The dominant bonding interaction takes place between carbon atoms of benzene and surface layer copper atoms that are arranged in close proximity.
Examination of the orientations proposed in figure 1 reveals that all but the 2a and 2b
orientations optimise the distance between C atoms and surface Cu atoms. With this rationale, however, it is difficult to explain why orientations 3a and 3b are significantly less energetically favourable than the similar orientations 4a and 4b. Taking all of these factors into account we predict a binding energy of 106 kJ mol -1 . Previous cluster calculations give a value of 58 kJ mol -1 , 24 while a value of 99 kJ mol -1 is reported from experimental TPD value. 14 We find that the preferred adsorption site is where the benzene adsorbs at a bridging position between the rows of copper surface atoms rather than in the atop position on top of the copper rows.
Although it is difficult for us to unambiguously identify the exact adsorption orientation, we find the largest binding energy for the a bridging position with the benzene ring centred with respect to the surface layer atoms. In their experimental STM images Doering and co-workers 21 reach the same conclusion.
Comparing our simulated STM images with the experiments of Doering et al. 21 we find that the calculations give images which are smaller in lateral spread by about a factor of two. This result may be explained by the experiment imaging more than a single benzene molecule, possibly a benzene dimer.
Overall the results presented in this paper demonstrate the utility of the 
